Efficient spin/charge interconversion is desired to develop innovative spin-based devices. So far, the interconversion has been performed by using heavy atomic elements, strong spin-orbit interaction of which realizes the interconversion through the spin Hall effect and the Edelstein effect. We demonstrate highly efficient charge-to-spin conversion in a ferromagnetic metal/Cu/Al 2 O 3 trilayers, which do not contain any heavy element. The resulting spin torque efficiency is higher than those of conventional spin Hall and Rashba systems consisting of heavy elements such as Pt and Bi. Our experimental results qualitatively deviate from typical behaviors arising from spin transport. However, they are surprisingly consistent with the behaviors arising from the orbital transport. Our results thus demonstrate a new direction for efficient charge-tospin conversion through the orbital transport.
Here we report highly efficient charge-to-spin conversion in ferromagnetic metal (FM)/Cu/Al 2 O 3 trilayers that contain no heavy elements. Conversion properties of the trilayers are qualitatively distinct from those of the conventional conversion based on the SHE or the EE, and consistent instead with a novel mechanism based on the orbital transport (11) . This result provides a way to circumvent problems of heavy elements and widens the material choice for the conversion.
We probe the charge-to-spin conversion in a Co 25 Fe 75 (CoFe, 5 nm)/Cu (10 nm)/Al 2 O 3 (20 nm) trilayer via the spin torque ferromagnetic resonance (ST-FMR) technique ( Fig. 1(a) , (b)) (12) . Each resonance peak in a ST-FMR spectrum can be decomposed into a symmetric component S and an anti-symmetric component A (Fig. 1(c) ). When a radiofrequency (rf) charge current is injected into the trilayer, current-induced Oersted field H rf generates A whereas the spin torque (ST) due to the charge-to-spin conversion generates S. Thus the efficiency  of the conversion is related to the ratio S/A as follows (12),
Here, 4M s is the saturation magnetization of the FM, e is the unit charge, t FM is the thickness of the FM layer, d Cu is the thickness of the Cu layer, and H ext is the external field (see Supplementary Materials S2 for the detailed description). For the CoFe/Cu/Al 2 O 3 trilayer, we obtain 0.13 which is similar to those for the other layer structures that utilize strong SHE of heavy elements (3, 13) . This  value is thus surprisingly large considering that there is no heavy element in the trilayer.
To find the origin of large  without a heavy element, we vary the constituent material of the trilayer. We vary the FM material from CoFe to Fe, Ni 80 Fe 20 (Py), and Ni, and evaluate  for FM (t FM nm)/Cu (0-25 nm)/Al 2 O 3 (20 nm) structures. The thickness of the FM layer (t FM ) is chosen to 5 nm for FM = Fe and Py, but to a larger value 12 nm for FM=Ni since it has smaller 4M s than the other FMs. We find more than one order of magnitude change in the efficiency  with the FM material variation; In contrast to 0.13 for CoFe,  is essentially zero for Ni, ~0.003 for Py, ~0.1 for Fe ( Fig. 2(a) ). The value for Py is consistent with that for a similar structure reported earlier (14) . The variation of  with the FM material occurs also in a device that utilizes the SHE or the EE. However the increment of such a variation is a factor of 3 at best (15) . Thus, the variation of  more than one order of magnitude in Fig. 2 (a) is anomalously large. We suspect the FM variation of  is strongly dependent on an interface quality. Indeed, cross-sectional transmission electron microscope (TEM) images show that for FM=CoFe, FM and Cu atoms are clearly separated ( Fig. 2(c) ) and form a well-ordered interface whereas for FM=Ni, FM and Cu atoms are mixed ( Fig. 2(d) ) and form a magnetic dead layer at their interface. The images are consistent with the well-known tendency; Cu atoms tend to get mixed (separated) with Ni (from Fe or Co) atoms at FM/Cu interfaces (16) . This suggests a possible casual relation between the variation of  and interface quality. its conductivity (and also 4M s ) increases progressively ( Fig. 2(b) ). Considering that conductivity of a thin film structure is dominated by the diffusive scattering at interfaces, this implies the improvement of interface quality by annealing (17) . Figure 2 (b) shows that  grows from ~0.13 to ~0.3 upon annealing. This confirms the importance of the interface quality for large  in the CoFe/Cu/Al 2 O 3 trilayer. In contrast, in device structures that utilize the SHE or the EE, a sizable value of  can be maintained even with low interface quality that leads to a magnetic dead layer formation (8, 18) . Ni/Cu/Bi 2 O 3 is also one such example (19) . Note that 0.3 in Fig. 2(b) is close to the value for device structures that utilize the strong SHE of -phase W, which has the largest spin Hall angle among single-elemental metallic materials (7, 9) .
Considering that the electrical conductivity of Cu is more than 10 times larger than that of phase W, the CoFe/Cu/Al 2 O 3 device is much more energy-friendly for the ST generation than the CoFeB/-phase W structure (9) .
We find that not only the FM/Cu interface but the Cu/Al 2 O 3 interface is also important for the charge-to-spin conversion. We compare a CoFe (5 nm)/Cu (0~25 nm)/Al 2 O 3 (20 nm) sample with a control sample CoFe (5 nm)/Cu (0~25 nm)/Bi 2 O 3 (20 nm) (20, 21) , and find that the control samples have systematically smaller values of  for a wide range of the Cu layer thickness d Cu despite the presence of the heavy element Bi (Fig. 3(a) ). This confirms the importance of the Cu/Al 2 O 3 interface. This raises a possibility that the Cu/Al 2 O 3 interface generates spin through the strong EE and the spin flows through the Cu layer to get injected into the CoFe layer. Considering that Cu is an ideal material for spin transport with a long spin relaxation length (>20 nm) at room temperature (22), θ should then decay slowly with increasing d Cu . However, Fig. 3 (a) reports more than five-fold decay of θ upon the d Cu increase from 10 nm to 20 nm. This decay is too drastic and goes beyond possible complications by current shunting. Thus the possibility of the EE at the Cu/Al 2 O 3 interface can be excluded. Another possibility is the SHE due to the Cu layer. Then θ should saturate with increasing d Cu instead of decaying (13) . Moreover the spin Hall angle of Cu is two orders of magnitude smaller than that of Pt. Thus the second possibility can also be excluded (23, 24) .
To understand the series of experimental results (Figs. 1,2,3) , we note that the SOI is indispensable for the charge-to-spin conversion and that FM elements (Co, Fe, and Ni) have the largest SOI among the atomic elements that constitute the trilayer. Although Cu has slightly larger atomic number than the FM elements, it has mostly s character near the Fermi energy, for which the SOI vanishes. Hence the charge-to-spin conversion in our experiment is likely to utilize the SOI of the FM layer, implying a need for a new mechanism since conventional SHEor EE-based mechanisms utilize the SOI of neighboring non-magnetic layers. A recent theory describes such a mechanism, in which (i) the SOI (LS) of a FM layer achieves orbital-to-spin conversion when (ii) an electrically generated flow of orbital angular momentum L (charge-toorbital conversion) is injected into the FM (11) . According to the estimation in (11), a torque (so called orbital torque) arising from the injection of such an orbital current can be sizable even when a FM layer has a weak SOI since (iii) an orbital current generated electrically in neighboring nonmagnetic layers can be gigantic (one order of magnitude larger than a similarly generated spin current in Pt) even when their SOI is zero (23, 25, 26) . Thus in this orbital torque mechanism, gigantic charge-to-orbital conversion in nonmagnetic layers combines with weak orbital-to-spin conversion in a FM layer to generate intermediate but still sizable charge-to-spin conversion. Although the orbital torque mechanism is illustrated in (11) with the orbital Hall effect as a means for the charge-to-orbital conversion, the same mechanism applies also when the orbital EE (27) (28) (29) (30) works as a means for the charge-to-orbital conversion as illustrated in Supplementary Materials S8. Hence the orbital Hall effect and the orbital EE are the orbital counterparts of the SHE and the EE, respectively. In view of the orbital torque mechanism, our experimental results can then be understood as follows. Initially, the charge-to-orbital conversion occurs at the Cu/Al 2 O 3 interface by the orbital EE ( Fig. 4(a) ). The resulting orbital current flows through the Cu layer and gets injected into a FM layer, where the orbital-to-spin conversion occurs and the orbital torque arises ( Fig. 4(b) ).
The FM dependence ( Fig. 2(a) ) and the annealing temperature dependence ( Fig. 2(b) ) of  can be understood from (ii) since the orbital current injection is more vulnerable to and more easily destroyed by the interface disorder than the spin current injection (11) .  being larger for CoFe/Cu/Al 2 O 3 than for CoFe/Cu/Bi 2 O 3 (Fig. 3(a) ) can be understood from (iii) if the orbital EE effect is stronger at the Cu/Al 2 O 3 interface than the Cu/Bi 2 O 3 interface. For the d Cu dependence of  ( Fig. 3(a) ), we note on two special properties of Cu. Firstly, whereas Cu is a good material for spin transport (22), it is not a good material for orbital transport since its orbital configuration is 3d 10 4s 1 ; partially filled s shell cannot carry L and d shell is also hard to carry since it is completely filled. This provides a way to explain the rapid decay of  for d Cu 10 nm ( Fig. 3(b) ).
Secondly, when Cu is partially oxidized (for instance near the Cu/Al 2 O 3 interface due to the oxygen migration from the Al 2 O 3 layer), its d shell becomes partially filled and contributes to orbital transport efficiently ( Fig. 3(c) ). If the oxygen migration is limited to a certain distance from the Cu/Al 2 O 3 interface, it provides a way to explain why the  decay is absent for small d Cu .
Moreover considering that the atomic ordering within the Cu layer increases with d Cu , the vulnerability of the orbital current to atomic disorder provides an explanation to the increase of  for small d Cu . One direct implication of the orbital torque mechanism is that for d Cu sufficiently thick, then the orbital current is mostly blocked and only the spin current, which is small since it is generated by weak EE near the Cu/Al 2 O 3 interface, can reach the FM layer ( Fig. 3(b) ). In this regime of d Cu ,  should not be sensitive to the FM/Cu interface quality. Our measurement for d Cu~2 0 nm verifies this prediction. (see Supplementary Materials S7 and Fig. S11 ). 
